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Abstract 
An underwater gas tornado is a hydrodynamic phenomenon inverse to the well-known sucking whirlpool. Because it occurs 
only under special conditions, it has not received sufficient attention for possible applications and has not been studied theo-
retically. After demonstrating a simple experiment, we study the hydrodynamic solutions of the gas flow in the tornado core 
interacting with the surrounding rotating liquid. The main question we try to answer here is whether this phenomenon can oc-
cur under natural conditions. We assume that methane-hydrate deposits in the sea bottom are a mighty underwater gas source. 
There are a few geological examples of bottom traces that seem quite similar to traces of atmospheric tornadoes. These so-
called pockmarks are located over methane-hydrate deposits and are possibly traces of underwater tornados. We suggest an 
experiment to test this hypothesis. 
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1. Introduction  
There are three similar vortex phenomena: the atmospheric tornado, the sucking whirlpool, and the underwater 
gas tornado. They all have a similar velocity dependence on the radius v(r): the vortex core rotates as a solid body 
(v ~ r) and the outside media rotates as a Rankin vortex (v ~ r-1). Both these solutions satisfy the Euler and Navier 
– Stokes equations but viscosity plays some role only in the thin transition region between these two solutions. 
Of the three, the atmospheric tornado is the most complex phenomenon. Its theory, due to Pashitskii [1], de-
scribes tornado and typhoon development in general but does not estimate the dependence of the core radius a on 
external conditions. For the sucking whirlpool and the underwater gas tornado, this problem resolves automati-
cally: the core radius coincides with the gas – liquid boundary. 
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Fig.1. (a) Photograph of an underwater tornado and experimental design; (b) experimental setup: a cylinder of height 100 cm and diameter 
15 cm is filled with water to a height of 90 cm. Atmospheric air is fed through a hole in the center of the floor covered by a mesh with a cell 
size of about 0.01 cm and is pumped down to a pressure of 0.2 atm at the top. Gas flow is measured by a gas meter. 
The stationary phenomenon of the sucking whirlpool is well known; it is often formed by water draining from 
a bathtub or from behind a dam. The underwater tornado and the sucking whirlpool both have cylindrical symme-
try and at first glance represent the same phenomenon with only a reversal of the direction of motion. This im-
pression is erroneous. In the sucking whirlpool, the motive force is water downstream, and air is moved by fric-
tion at the water surface. In contrast, the motive power in the underwater tornado is from the rising gas, and the 
surrounding liquid rises after it. The theories of these two phenomena therefore differ.  
The sucking whirlpool in the first approximation (neglecting the air influence) can be described by a simple 
Bernoulli equation giving its form as z(r) ~ r-2. The underwater tornado is easily formed if liquid rotation is in-
duced by an azimuthal flow (Alekseenko, Shtork [2], Alekseenko et al. [3]). In these studies, the underwater tor-
nado was used as a tracer for investigating vortex precession; it was not studied as an independent hydrodynamic 
phenomenon. Simple measurements of the dependence of the core radius on the gas fluxes together with a theo-
retical study of the underwater tornado were reported at the conference TMB3 in Trieste in August 2011 by 
Byalko [4]. We briefly recall these results here.  
53 Alexey V. Byalko /  Procedia IUTAM  8 ( 2013 )  51 – 57 
2. Experimental setup and observations 
Water was contained in a transparent cylindrical vessel of external diameter 15 cm and height 1 m. The water 
height H varied from 60 to 100 cm. The inner radius of the vessel was R0 = 7 cm. In the center of the vessel bot-
tom, there was a hole for the gas inlet with an inner radius of 0.5 cm covered by a metal mesh with a mesh size of 
about 0.1 mm. The gas pressure in the upper part of the vessel was pumped down to 0.2 atm = 2·104 Pa as meas-
ured by a manometer. At the bottom of the vessel away from the inlet, the pressure was about 0.3 atm. Gas flow 
was varied by a screw knob that allowed changing the air flow rate from zero to jmax = 25 cm3/s. The air flow was 
measured by an NRM-G4 gas meter (Italy) at normal pressure (Fig. 1).  
In the stationary liquid with an open valve at the bottom of the cylinder, the gas rises as a flow of individual 
bubbles of various sizes (Fig. 1). The dominant size is of about 1 cm, and the rising velocity is about 30 cm/s. 
Rotation of the liquid is then induced by a circular resonant swinging of the vessel. The deflection of the menis-
cus of the liquid reached about 5 cm, which corresponds to an initial angular velocity 0  10 s-1. After a few 
seconds, an underwater tornado (i.e., a rapidly rotating cylindrical column of rising gas) develops starting from 
the bottom of the vessel.  
There are two videos of underwater tornados on the website http://www.byalko.com/alexey/. In the first video, 
particles of neutral buoyancy can be observed revolving around the tornado axis, moving faster the closer they 
are to the tornado axis. The second video shows a stationary underwater tornado induced by forced rotation at the 
top of the vessel.  
Soon after the tornado forms, the top of its funnel reaches the water surface. Its height then gradually de-
creases, and the tornado becomes a swirling flow of individual bubbles in its upper part. In the final stage, the 
stream of bubbles begins to adhere to the vessel walls, the bottom of the funnel is finally divorced from the inlet, 
and the general bubble flow of the gas resumes. The maximum recorded duration of an underwater tornado was 
2.5 minutes with a relatively small stream, and about 1 minute at maximum flow. The phenomenon can therefore 
be considered quasistationary. Few attempts with changed height and diameter of the gas inlet failed to achieve a 
stationary tornado; a tornado develops practically independently of the inlet form and the mesh sizes.
3. Discussion of the observation and initial theoretical analysis 
What happens when gas rises in a rotating fluid? Bubbles are formed by the surface tension . If a liquid with 
the density  rotates at a speed v  then the lighter bubbles are pushed by centrifugal forces to the axis of rotation. 
When these forces exceed those of the surface tension, the bubbles are stretched along the axis, forming a con-
tinuous column of radius a open for free gas flow. The condition on the rotation velocity v  near the core radius a 
hence follows: v  2 >> a  
As previously mentioned, the boundary between the gas and liquid obviously coincides with the boundary be-
tween the inner and outer Rankin vortices. The gas rotates as a solid body, and the liquid rotates with a hyper-
bolically decreasing velocity:  
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For a standard single Rankin vortex, the value A is a constant of dimension cm2s-1. Writing Euler’s equations 
for an inviscid fluid in cylindrical coordinates, we can treat this value as a function A(t,r,z). It then satisfies the 
equation 
0A A
t
v  (2) 
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This equation expresses the Kelvin circulation theorem in the case of cylindrical symmetry. In the Stokes 
equations, the viscosity term should be added to equation (2), but its influence turns out to be limited, redistribut-
ing and smoothing the function A(t,r,z). 
Our objective is to find equations relating the parameters a, A, , and the gas rising velocity U away from the 
base of the tornado and to evaluate those parameters under the assumption that the tornado radius is a constant 
function of height.  
The gas flow can be considered isothermal because the thermal capacity of water is significantly higher than 
that of the gas; moreover, the gas quickly mixes in a turbulent flow. Its density is then proportional to the pres-
sure p as 
25
1 7isoth
p p c  
The speed of sound in air is c = 330 km/s. At high turbulence, the gas velocity U in pipes is uniform over the 
cross section. The radial velocity of the gas at a constant radius is obviously small, and we can therefore neglect 
terms in the radial Euler gas equation that contain it. The remaining equation can be integrated, and the result 
confirms homogeneity in the plane of the tornado gas column. This follows because the tangential velocity is 
much less than the speed of sound.  
In turbulent gas flow in tubes, the average gas velocity U depends on the pressure difference. In our case, this 
is the difference between the gas source pressure pmax and the pressure pmin at the upper surface of the liquid. In 
the known formula for flow in tubes with rough walls, the pressure difference p occurs on the length z. Here, 
we replace it with differentials, and integration gives a relation between the gas velocity U and the tornado core 
radius: 
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Here, k = 0.4 is Karman’s factor; and d is the size of perturbations at the tube wall. In the tornado experi-
ments, d increases as the gas flux and tornado radius increase. Hence, in estimating the rising velocity of the gas, 
we assume that k ln(a/d) ~ 1 in our further calculations. An estimate of the gas velocity at  = 0.2 m is  
U ~ 5 m/c. 
 
Fig.2. Experimental measurements of the tornado radius a depending on the gas flux j. The measurement error increases at low flows. 
Because gas absorption can be considered absent, the gas flow rate is constant in height: 
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The estimated values of the tornado radius obtained in this rough approximation seem sufficiently close to the 
observations. The most important consequence of this initial analysis is the conclusion that the tornado radius a 
increases proportionally to the gas flow j raised to the power 2/5:  
This proportion was verified experimentally (Fig. 2). The observed exponent value is equal to 0.36, which 
compares favorably with 0.4 resulting from our theoretical approximations. 
 
  
Fig.3. Methane flow examples from the lake Baikal bottom by Granin at al. [6]): a) methane flow “Stupa”; b) methane flow “Sankt-
Petersburg”. 
4. Methane clathrate deposits as a source of underwater gas and possibly tornadoes 
An icy solid called methane clathrate (or methane hydrate) is trapped in marine sediments in huge amounts. 
Estimates of the global deposits of methane exceed 1016 kg on the deep ocean floor (Buffett, Archer [5]). Meth-
ane hydrate is a substance slightly heavier than water and is stable at a temperature about 10 °C if the pressure 
exceeds 600 m of water column. Under general conditions, methane hydrate deposits slowly release methane in a 
bubble flow (Fig. 3). This flow rarely reaches the sea surface because of high methane absorption by water. The 
question is whether the methane flow can form an underwater tornado.  
Evidently, for an underwater tornado to form, water vorticity must be stimulated. It is well known that a suck-
ing whirlpool forms without any external source of rotation; supposedly, this is not the case for an underwater 
tornado. But water vorticity follows at least two natural phenomena: earthquakes (rarely) and high tides (rather 
often). The first possibility recently became obvious after the Great Japanese earthquake 11 March 2011: a mile-
wide whirlpool existed many hours in the bay near port Oarai. The other less documented example is the Crimea 
earthquake of 11 September 1927. Just before the strike, multiple observers saw large flares up to 500 m high 
erupting from the Black Sea (Pelinovsky et al. [7]). Certainly, there is no proof that these flares were caused not 
by bubble methane flows reaching the surface but by underwater tornadoes. But it is possible.  
From this standpoint, it would be interesting to study the structure of the sea bottom near Yalta similarly to the 
work Cauquil et al. [8] (Fig. 4a). This picture is very reminiscent of traces left by atmospheric tornadoes. The au-
thors of the other schema (Kelley et al. [9], Fig. 4b) also mentioned that nearby pockmarks often form lines.  
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Fig. 4. Pockmarks traces at sea-bottom: (a) Meandering pockmarks off the shore of Nigeria: the size of the largest pockmark in the left upper 
corner is 650 m, and it is located at 1265 m water depth (figure by Cauquil et al. [8]). (b) Pockmark structure in Belfast Bay (figure by Kelley 
et al. [9]). 
5. A brief comment on a widespread belief 
We want to direct attention to an existing fallacy that appears even among professionals. Some assert that 
powerful streams of gas bubbles rising to the surface have lowered the average surrounding density so much that 
it presents a danger to vessels in the vicinity of the gas output. This is erroneous. The point is that the rising 
stream of gas inevitably carries the surrounding liquid upward. In the immediate proximity of a gas stream, the 
vertical velocity of the liquid has the same order of magnitude as the lifting velocity of an individual bubble in a 
motionless liquid. This statement was strictly proved for a case of one-dimensional chain of bubbles (Byalko 
[10]). The rising velocity of such a chain appears approximately twice that of the individual bubble velocity. As a 
result, not a depression but, in contrast, a bulge occurs on the water surface in comparison with the undisturbed 
level. In experiments with the underwater gas tornado (which is similar to a bubble chain by symmetry and hy-
drodynamics), the uprising gas also makes a small bulge on the surface. A sudden rise of the sea surface could 
certainly overturn a small boat, but such a possibility can absolutely be neglected for any normal ship. 
6. A possible large-scale experiment 
Methane clathrate deposits are widespread in shallow sediments of the Black Sea. Suppose four or six power-
ful catchers start moving circularly around a single located methane deposit causing water rotation around it. It 
would be even better to fix these catchers by anchors if possible. The initiated water rotation could possibly trans-
form the general bubble stream into an underwater methane tornado. In addition to the main aim to verify such a 
possibility in principle, the bottom trace of a successful tornado should then be compared with pockmarks.  
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Of course, there is some danger of gas inflammation in such an experiment. The possibility of collecting the 
exposed methane should therefore be studied, not yet for commercial use but for safety. Certainly, such an ex-
periment should first be modeled in the laboratory. 
7. Conclusion  
Although we have perhaps mentioned too many different ideas for a short paper, we conclude with yet an-
other. As a matter of fact, it was the main motivation for the experiment and its theory. It has been hypothesized 
that explosive methane releases by globally spread underwater tornados triggered past climate terminations of 
glacial stages and transitions to interglacial stages. We would stray too far from the conference theme in explain-
ing this properly and therefore merely add one reference [11]. 
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